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Abstract
Using an antibody directed against -secretase-generated antigen unique to activated Notch1, we mapped Notch1 activation strictly to
suprabasal cells in epidermis, nail matrix, and other skin appendages during normal development. The consequences of Notch1 activation
in keratinizing nail cells were investigated in a transgenic mouse model. Ectopic activation of Notch1 in postmitotic cells within the nail
keratogenous zone resulted in longer nails. BrdU labeling revealed an increased number of mitotic cells in transgenic nails. The matrix and
keratogenous zone expanded distally due to the increase in cell numbers. The mitosis-promoting effects by a gene product expressed
exclusively in postmitotic cells indicates a long-range effect of transgenic Notch1 on regulation of nail homeostasis. We demonstrate that
activation of Notch1 in the keratogenous zone resulted in ectopic activation of Wnt signaling, the first such evidence in vertebrates.
However, we detected little or no -catenin activation in proliferating matrix cells, indicating that Wnt is at most an indirect mediator of
Notch-induced proliferation. These data support the existence of a novel, cell-nonautonomous role for Notch in maintaining homeostasis
of stratified squamous epithelia by indirectly promoting mitosis in basally located cells.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Notch, a transmembrane receptor, mediates short-range
cellular communication essential for proper development,
self-renewal, and differentiation of multiple tissues (Arta-
vanis-Tsakonas et al., 1999; Eddison et al., 2000; Hoyne et
al., 2001; Maroto and Pourquie, 2001; Piccoli and Spinner,
2001; Weinmaster, 2000). Four Notch receptor proteins
(Notch 1–4) and five ligands (Delta1, 3, 4 and Jagged1, 2)
have been identified so far in the mouse and human. Notch
signals are triggered by ligand-induced proteolysis, which
releases the Notch extracellular domain to form a truncated
protein (NEXT). NEXT is a substrate to a presenilin-depen-
dent protease (-secretase) that subsequently releases the
Notch intracellular domain (NICD) (Mumm and Kopan,
2000). NICD enters the nucleus and interacts with the tran-
scriptional factor CSL [CBF, Su(H), Lag-1], leading to the
activation of target genes (Mumm and Kopan, 2000). These
targets include secreted proteins that could act on neighbor-
ing cells, e.g., Wingless (Diaz-Benjumea and Cohen, 1995),
as well as proteins that act within the cell, e.g., HES proteins
(Jarriault et al., 1995) and BCL2 (Deftos et al., 1998).
Notch1 promotes differentiation by activating p21 in
keratinocytes (Rangarajan et al., 2001). Deletion of Notch1
in skin resulted in epidermal hyperproliferation, most likely
via a cell-autonomous mechanism involving p21 (Rangara-
jan et al., 2001). Notch1 RNA and protein are found in hair
follicles, in matrix cells not in contact with dermal papilla
(DP), and in cortical precursor cells (Fig. 1A; Favier et al.,
2000; Kopan and Weintraub, 1993; Powell et al., 1998;
Thelu et al., 2002; Valsecchi et al., 1997). Ectopic activation
of the Notch signaling pathway in specific cells of the hair
follicle in transgenic mice was accomplished by placing an
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active form of Notch1 (NEXT-like) under the control of the
mouse hair keratin A1 (MHKA1) promoter (Lin et al.,
2000), a promoter active in differentiating keratinocytes.
MHKA1 expression overlaps that of Notch1 in keratinizing
cortex cells within the hair follicles (Fig. 1A; Lin et al.,
2000). Overexpression of activated Notch1 in the cortex did
not affect the proliferative profile of cortical cells. Rather,
the neighboring medulla and cuticle cells abnormally dif-
ferentiated, suggesting that Notch1 may contribute via “ep-
ithelial cross talk” to fate selection and/or differentiation
within the follicles (Lin et al., 2000). In addition to the
follicle, MHKA1 is also expressed in postmitotic cells in the
Nail. This study focuses on the analysis of the nail pheno-
type resulting from ectopic Notch1 activation in all three
transgenic lines created in our laboratory.
Nail units comprise the distal-most, dorsal structures of
vertebrate limbs. The nail primordium is first seen at em-
bryonic day 15.5 (E15.5) in all but the anterior-most digit
(thumb) of the mouse forelimb (Kaufman, 1992). Nail pri-
mordium of this vestigial digit is not formed until E17.5.
Like the hair follicle, the nail unit is a tissue composed of
keratinized stratified epithelium and supporting mesen-
chyme. The epithelial compartment can be divided anatom-
ically into several zones contiguous with the epidermis (Fig.
1B; Baden and Kvedar, 1993). The nail fold is a specialized
epidermal transition zone followed by the matrix. The ma-
trix contains proliferating cells. As in the hair follicle, pro-
liferation in the proximal matrix is not restricted to cells in
contact with the basement membrane (data not shown). Nail
plate formation involves keratinization and flattening of
postmitotic matrix cells, nuclear loss, and cytoplasmic con-
densation (Baden and Kvedar, 1993). These events occur in
a region called the keratogenous zone located dorsally to the
matrix (Fig. 1A). Nail plate cells express a subset of the
hard keratins expressed in hair (Heid et al., 1988a,b; Lynch
et al., 1986; Moll et al., 1988). They constitute the major
structure of the nail unit, which in some species is quite
extensive (ungulate or forepaws of meerkats; Suricata suri-
catta) while in others is rudimentary (primates). Distal to
the matrix is the nail bed, a zone containing mitotically
inactive cells (Baden and Kvedar, 1993; Zaias and Alvarez,
1968). The hyponychium connects the nail bed with the
ventral epidermis of the digit.
How the nail responds to axial information has been
addressed by several recent reports. Mutations affecting
dorso/ventral patterning perturbs nail development. Loss of
Wnt7a causes ventralization of the limb, resulting in nail
truncation and the appearance of a foot pad, a ventral struc-
ture, on the dorsal side of paws (Cygan et al., 1997;
Kawakami et al., 2000; Parr and McMahon, 1995). In con-
trast, mutations in En1 caused dorsalization of the limb,
resulting in circumferential nail structures (Cygan et al.,
1997; Loomis et al., 1996, 1998). In the mesenchyme,
LMX1B, a LIM-homeodomain protein acting downstream
of Wnt7a, is required for nail development. Mice and hu-
mans lacking this protein displayed dystrophic nail plates,
e.g., nail-patella syndrome in humans (Chen et al., 1998;
Dreyer et al., 1998, 2000; Vollrath et al., 1998). Mesenchy-
mal MSX-1 is also required for formation of a normal nail
plate (Jumlongras et al., 2001). Shh, an inducer of posterior
limb structures, is not required to produce a nail (Chiang et
al., 2001; Kraus et al., 2001). However, differences between
fore- and hindlimb digits or among digits include differ-
ences in nail morphology. For example, meerkats have
larger nails on the forepaw. Wings, specialized anterior
avian limbs with clear dorso/ventral polarity, have no nails
in all living avian species (with only one known exception,
the hoatzin, Opisthocomidae), while avian legs have nails.
Therefore, the nail field can interpret axial information.
Despite the progress made in recent years, our understand-
ing of the molecular basis for the wide variations in nail
morphologies and size is incomplete: little is known about
the mechanisms that produce claws, hooves, and other spe-
cialized products of the nail unit. Variation in homeostatic
control may contribute to some of the many nail morphol-
ogies among vertebrates.
Unlike the hair follicle, which cycles between growth
phase and rest phase, the nail grows continuously during
adulthood at a rate that reflects equilibrium between cell
proliferation, terminal differentiation, and wear-and-tear.
Disruption of a similar balance in the epidermis may be
responsible for skin diseases, such as psoriasis. Alteration in
nail homeostasis could result in longer, shorter, or abnormal
nail plates. For example, the HoxC13 and the nuclear re-
pressor protein hairless (the Rhino allele, hrrh) are indepen-
dently involved in the program controlling homeostasis and
nail morphology. In the absence of either protein, long,
curled, and continuously growing nails form (Ahmad et al.,
1998; Godwin and Capecchi, 1998; Potter et al., 2001).
Here, we describe the consequences of ectopic expres-
sion of activated Notch1 in the postmitotic cells of the
keratogenous zone. It is now well established that Notch
activation promotes differentiation of keratinocytes (Nico-
las et al., 2003; Rangarajan et al., 2001), yet transgenic mice
expressing activated Notch1 possess longer nails than their
wild-type littermates. Histological examination coupled
with pulse BrdU labeling revealed that nail abnormalities
resulted from an increase in proliferating cells within the
matrix and an expanded keratogenous zone. Since ectopic
Notch1 was only detected in postmitotic cells located sev-
eral cell diameters away from the proliferating cells, this
reflects a nonautonomous signal impacting tissue homeosta-
sis. Consistent with this possibility, we detected the pres-
ence of activated, endogenous Notch1 in nail matrix cells
removed from the basal layer and in suprabasal cells in
other skin appendages of normal animals. These results
suggest that, in addition to autonomously promoting differ-
entiation of epidermal suprabasal cells, Notch1 activation
could also play a common role in regulating homeostasis in
the epidermis and its appendages by promoting proliferation
of basal/matrix cells nonautonomously. Interestingly, Wnt
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signaling may contribute to the long-range effect of Notch1
on tissue homeostasis in the nail.
Materials and methods
Production of transgenic mice
The generation of mice expressing an active form of
Notch1 (MHKA-NotchE) in the hair follicle was described
previously (Lin et al., 2000).
Measurement of nail growth
Three-month-old mice were anesthetized by inhalation
of metophane. Digits 2, 3, and 4 of hindpaws were marked
by making an incision on the nail plate at the boundary of
nail plate and nail fold using a razor blade under the dis-
secting microscope. The incision was monitored every 5–8
days for a month. A new incision was made at the boundary
of nail plate and nail fold at each monitoring. The rate of
nail growth was measured as the distance between the new
and old incision.
BrdU labeling of animals
Adult and newborn mice were injected intraperitoneally
(i.p.) with BrdU (5-Bromo-2-deoxyuridine; 100 g/g body
weight; Sigma-Aldrich, St. Louis, MO) as described (Miller
and Nowakowski, 1988). At different time points after i.p.
injection, mice were sacrificed and tissues were collected
for analysis. To label embryos, pregnant females of 15.5 to
18.5 days of gestation (the morning when copulation plugs
were found in females was counted as 0.5) were injected i.p.
with BrdU as above and embryos were dissected at 4 h
following BrdU injection. Tail tips of embryos were saved for
performing polymerase chain reaction to genotype embryos
carrying the MHKA-NotchE construct (Lin et al., 2000).
Immunohistological analyses
Tissue collected from mice was fixed in 4% paraformal-
dehyde in PBS (1 h at room temperature). For mice older
than 10 days, digits were removed from the paws after
fixation and decalcified in 14% free acid EDTA (pH ad-
justed to 7.2 with NH4OH) until the bones became soft (1–3
days at 4°C). Tissues were embedded in paraffin and sec-
tioned at 4 m. To improve digit orientation, digits were
embedded in 3% agar prior to embedding in paraffin.
The immunohistochemical detection of activated Notch1
was performed by using the TSA Plus fluorescence System
(Perkin Elmer Life Sciences, Boston, MA). Sections were
subjected to deparaffinization in CitriSolv (Fishers Scien-
tific, Pittsburgh, PA), antigen retrieval by boiling in Trilogy
(Cell Marque, Hot Springs, AR), blockage of peroxidase in
H2O2, and incubation in 1000-diluted Val 1744 antibody
(Cell Signaling Technology, Beverly, MA) in PBS contain-
ing 1% bovine serum albumin, 0.2% skim milk, and 0.3%
Triton X-100. Sections were then incubated in 1000-
diluted anti-rabbit-HRP (Amersham Pharmacia Biotech,
Piscataway, NJ), 1000-diluted fluorescein tyramide,
300-diluted anti-fluorescein-HRP, and 500-diluted cya-
nine 3 tyramide (Perkin Elmer Life Sciences, Boston, MA).
Sections were finally stained in bis-benzimide and mounted
in 50% glycerol and 20 mg/ml n-propyl gallate.
The immunohistochemical analyses using DAB as a
chromagen were performed as described (Lin et al., 2000)
with some modification. To improve immunoreactivity, re-
hydrated sections were boiled in citrate buffer to retrieve
antigens. To block endogenous biotin and avidin in embry-
onic sections, Avidin/Biotin blocking kit (Vector Laborato-
ries, Burlingame, CA) was applied before adding primary
antibodies. To reduce background signal resulting from
primary antibodies raised in mouse, M.O.M. kit (Vector
Laboratories, Burlingame, CA) was used prior to addition of
primary antibodies. The dilutions of primary antibodies
utilized are: 1:10 for AE13 antibody (Lynch et al., 1986),
1:2000 for K17 antibody (McGowan and Coulombe, 2000),
1:1000 for PAI-2 antibody (Lavker et al., 1998), and 1:500
for Myc antibody (c-Myc, A-14; Santa Cruz Biotechnology,
Santa Cruz, CA).
For double immunofluorescent analyses, rehydrated sec-
tions were subjected to boiling in citrate buffer to retrieve
antigens. The dilutions of primary antibodies used are 1:100
for BrdU antibody (Becton Dickinson Immunocytometry
Systems, San Jose, CA), 1:1000 for Ki67 antibody (Novo-
castra Laboratories Ltd., UK), and 1:250 for Myc antibody
antibody (c-Myc, A-14; Santa Cruz Biotechnology, Santa
Cruz, CA). Signals were detected by using Fluorescein
Avidin DCS and Texas Red Avidin D (Vector Laboratories,
Burlingame, CA). Sections were counterstained with bis-
benzimide and mounted as described above.
X-Gal assays
Screening for pups carrying the TOPGAL reporter was
performed by X-Gal staining on tail samples as described
(Bryne et al., 1994). To detect -galactosidase on frozen
sections, tissues were collected from pups at P8–P12 and
fixed at room temperature for 1 h in periodate-lysine-para-
formaldehyde fixative (0.01 M NaIO4, 0.075 M lysine, 2%
paraformaldehyde, 0.075 M sodium phosphate) as described
(Kopan et al., 2002). Tissues were cryoprotected in 10% and
then 30% sucrose in PBS at 4°C and embedded in OCT.
Frozen sections were cut in 10 m and stored at 80°C.
Prior to X-Gal assays, slides were washed in water to
remove OCT and rehydrated in PBS. Slides were then
incubated in the dark at 37°C overnight in X-Gal substrate
at a final concentration of 1 mg/ml. Stained slides were
counterstained with hematoxylin and mounted.
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Results
Notch 1 is actively signaling in cutaneous appendages
We previously described three lines of transgenic mice
(A4, A5, and A7) in which the promoter from the mouse
hair keratin A1 (MHKA1) drove ectopic expression of a
ligand-independent, constitutively active Notch 1 (Lin et al.,
2000). MHKA-NotchE encodes a protein lacking most of
the extracellular domain but retaining the complete trans-
membrane and intracellular domains. We can distinguish
MHKA-NotchE from endogenous Notch1 since it contains
a single, internal Myc tag (Nye et al., 1994). The MHKA1
promoter drives expression in precursor and differentiating
cells of the hair cortext (Kaytes et al., 1991; Lin et al., 2000)
and in the keratogenous zone of nails (Fig. 1). Expressing
activated Notch 1 in even a single cortical cell along the
circumference of the hair shaft caused the adjacent layer, the
Fig. 1. Schematic longitudinal section of mouse hair follicle and nail unit. (A) Proliferating cells reside in the lower bulb region of the hair follicle (the matrix).
Their descendents differentiate into distinct epithelial cell types arranged in concentric rings, such as outer root sheath (ORS), inner root sheath (IRS), and
hair shaft (cuticle, cortex, and medulla). The matrix surrounds a group of specialized mesenchymal cells called the dermal papilla (DP), which are the source
of signals required for hair follicle development. Activated, endogenous Notch1 is detected in the nuclei (red) of the matrix not adjacent to the DP and of
the precursors of cortical cells. (B) The nail unit is composed of four types of epithelial cells. The matrix contains proliferating cells that undergo terminal
differentiation in the keratogenous zone, producing the nail plate. The second epithelial cell types constitute the nail bed that underlies the nail plate and spans
from the matrix to hyponychium. The hyponychium is the third cell type, underlying the free end of the nail plate. The last epithelial cell type is the nail
fold, which is the skin enveloping the nail plate. The dorsal and ventral epidermis of the digit is indicated in orange. The bone is marked in gray. Dermal
cells reside in areas marked in white. Activated Notch1 is detected in the nuclei (red) of cells in the dorsal matrix. Note that similarities in color between
the hair follicle and nail do not imply that these cell types are homologous.
Fig. 2. Notch1 is activated and processed into NICD in the hair follicle and in the nail. Longitudinal sections of dorsal skin (P12; A, B) and nail (digit 2,
hindlimb) at various developmental ages and at birth (C–M) were subjected to immunohistological analyses with Val 1744 antibody. All sections shown are
from wild-type animals, except the insets in (G) and (H), which are from an A7 animal. The signals were detected by the fluorophore cyanine 3 (CY3, red),
and the nuclei were counterstained with bis-benzimide (blue). Nuclear presence of NICD in higher magnification is revealed by yellow due to overlap between
CY3 and the assigned green color for bis-benzimide. The hair follicle indicated by the asterisk in (A) is magnified in (B). NICD was detected in the bulb
of hair follicles (B, blue arrowheads) but not in cells of the bulb making contact with the dermal papilla (encircled by a dashed line). Its expression extended
to precortical cells in the hair follicles (B, white arrowheads). At E15.5, NICD was detected in the single layer overlying the basal cells in the nail primordium
(C, D). At E16.5, the signal was observed in at least two layers of cells in the nail primordium (E, F). At E18.5, NICD expression was detected in the
suprabasal cells of the interfollicular epidermis (I, arrowheads) and footpad (J) as well as the dorsal matrix cells of the nail (H). In addition, NICD was
observed in other cutaneous appendages, such as hair germs (I, asterisks) and eccrine gland anlage (J, asterisks). In A7 nails, at E18.5, NICD was detected
not only in dorsal matrix cells of the nail but also in the keratogenous zones where MHKA1 is expressed (insets of G and H). At birth (P0.5), NICD was
detected in dorsal matrix cells of the nail (L), in suprabasal cells of interfollicular epidermis (M, arrowheads) and footpad (N), in hair peg (M, asterisks), and
in eccrine gland anlage (N, asterisk). BC, basal cells; eg, eccrine gland; hg, hair germ; hp, hair peg; KZ, keratogenous zone; M, matrix; nm, nail matrix; np,
nail primordium; SC, suprabasal cells.
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medulla, to develop abnormally but did not affect the pro-
liferation in the matrix as detected by PCNA (Lin et al.,
2000). While we could demonstrate where the Notch trans-
gene is expressed, and detect an increase in expression of
target genes, an unresolved question remains: where is
Notch 1 normally activated during the organogenesis of hair
follicles? Without an answer, it is difficult to extrapolate the
endogeneous role of Notch 1 from the results of ectopic
activation.
In fact, the exact time and place in which Notch 1 is
active in CSL-dependent signaling remains a central, unre-
solved question plaguing many in vivo studies (Ye and
Fortini, 2000); more so in vertebrate since only few Notch
target genes are known. To address this issue, a commer-
cially available Val 1744 antibody was used in immunohis-
tochemical analyses. In wild-type skin sections, Val 1744
detected NICD, the active form of Notch, in the nuclei of
precortical cells and matrix within the bulb of wild-type hair
follicles (Fig. 2A and B). This region contains mRNA of
Notch 1 and of the ligands Jagged 1 and 2 (Favier et al.,
2000; Kopan and Weintraub, 1993; Powell et al., 1998;
Thelu et al., 2002; Valsecchi et al., 1997). In A7 mice that
expressed a Myc-tagged NotchE, an extended staining pattern
with the Val1744 antibody was observed, overlapping all Myc-
positive cells (supplemental Fig. S1). These results validate the
specificity and sensitivity of the Val 1744 antibody.
To investigate the possible role of Notch1 in nail devel-
opment, digits from hindlimbs were collected at various
stages of embryogenesis and at birth and stained with Val
1744 antibody. Prior to birth (E18.5), NICD was detected in
nails (Fig. 2H), hair follicles (Fig. 2I), and eccrine glands
(Fig. 2J). In addition, NICD was clearly detected in supra-
basal cells of the footpad (Fig. 2J) and the interfollicular
epidermis (Fig. 2I), where it was predicted to act in pro-
moting withdrawal from cell cycle by activation of p21
(Rangarajan et al., 2001). At birth (P0.5), expression of
NICD in those epidermal cells and skin appendages re-
mained (Fig. 2K–N). However, by P11, NICD was only
detectable in hair follicles (data not shown).
In the nail primordium of all ages examined, NICD was
not present in cells adjacent to the basement membrane.
NICD was detected in cells located at least one cell diameter
away. In E15.5 (Fig. 2C and D) embryos, only one cell layer
contained NICD. From E16.5 on, we could detect a differ-
ence between transgenic and wild-type nails. In wild-type
nails, at most three cell layers contained NICD (Fig. 2H and
L). In transgenic nail primordial, NICD immunostaining
extended into the keratogenous zones (up to 8 cell layers at
E18.5; Fig. 2G and H, insets). The Val 1744 antibody
cannot distinguish between endogenous and NotchE-de-
rived NICD; only the Myc antibody can specifically recog-
nize NICD produced from NotchE (Fig. S1). Myc staining
was only detected in nuclei located in the dorsal keratoge-
nous zone (see Fig. 7). These results indicate that the ex-
tended domain containing NICD is due to activation of
endogenous Notch, perhaps by elevated ligand expression
in response to signal(s) emanating from the keratogenous
zone.
Ectopic expression of Notch1 in the nail leads to long
nail phenotypes
Activated Notch1, both endogenous and transgene de-
rived, is found suprabasally where it is thought to promote
keratinocytes differentiation (Rangarajan et al., 2001).
However, nails on all digits in MHKA-NotchE lines A7 and
A5 were longer than those of the wild-type littermates from
day 12 onwards (not shown) and up to twice as long as the
wild-type nails at the age of 1 month (Fig. 3). The varie-
gated line A4 (Lin et al., 2000) exhibited less exuberant
growth but nails were still longer than the wild-type at 1
month of age. Interestingly, only line A5 animals outgrew
nails from their vestigial forepaw digits from day 12 on-
ward, compared with the flat nail plates observed in wild-
type littermates (Fig. 3B) and the other two lines (data not
shown). The variable phenotype of the vestigial digits may
result from different integration sites of the transgene
among these lines or from differences in expression levels
of Notch within these lines (Lin et al., 2000). Transgenic
animals possessed longer nails than wild-type littermates as
they aged; however, none of the lines displayed the in-
grown, curled morphology seen in the mice lacking the
hairless gene or HoxC 13. Thus, they maintained an altered
but stable nail length.
The longer nails could result from faster growth rates of
nail plate or from decrease in wear and tear of nail plate as
a consequence of stronger structure or indirect behavioral
changes induced by activated Notch. To investigate if nail
growth rates were altered, adult nails were marked at the
boundary of nail plate and nail folder by using a razor blade,
and the incision was followed every 5–8 days for a month.
The estimated differences in growth rates between trans-
genic and wild-type littermates varied between 30 and 60%
for different digits, e.g., in digit 3, 65 1 m/day in A5 and
40  2 m/day in wild-type littermates (n  4); 68  2
m/day in A7 and 46  1 m/day in wild-type littermates
(n 2). These results are consistent with the possibility that
alteration in growth rates was the major contributing factor
in producing the long nail phenotype.
The long nail phenotype is associated with distal
expansion of the matrix and the keratogenous zone
The surface morphology of transgenic nail plates was
indistinguishable from their wild-type littermates as judged
by scanning electron microscopy. In addition, no overt dif-
ferences were detected in the morphology of the horny layer
of the proximal nail fold (data not shown). To investigate
the anatomy of the transgenic nail, we conducted immuno-
histochemical analyses on longitudinal or cross sections of
nails from digits 2–5. Unless otherwise stated, all figures
show A7 digits representing phenotypes shared with A5
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line. With hematoxylin and eosin (HE) staining of longitu-
dinal sections, transgenic nails exhibited enlarged keratog-
enous zones and possibly enlarged matrix (inset in Fig. 4B).
Many cells in the ventral keratogenous zone were pycnotic
and did not compact as rapidly as wild-type cells did (inset
in Fig. 4B). Immunostaining with AE13 antibody, which
detects the MHKA1 product and thus serves as the broadest
marker for the MHKA-NotchE expression domain, con-
firmed that slow compacting cells expressed lower levels of
hard keratin and thus have initiated the differentiation pro-
gram (inset in Fig. 4D). In the dorsal portion of the kerat-
ogenous zone, cells packed in arrays and expressed equiv-
alent levels of hard keratins to wild-type cells. In addition,
the matrix appeared to be extended distally (compare “d” in
Fig. 4A with “d” in Fig. 4B) to where the mitotically
inactive nail bed resides (Baden and Kvedar, 1993; Zaias
and Alvarez, 1968). Detailed documentation of these abnor-
malities is presented in Fig. S2.
The increased growth rate in transgenic nail could be
fueled by transformation of neighboring nail bed cells into
matrix, changes in the cell cycle rate, increase in number of
cycles TA cells undergo before differentiation, or any com-
bination of the above. To determine whether nail bed cells
were indeed lost, nail sections were subjected to immuno-
histochemical analyses with two nail bed markers, K17
(McGowan and Coulombe, 2000) and PAI-2 (Lavker et al.,
1998) antibodies. Expression of both nail bed markers over-
lapped in differentiated nail bed cells in wild-type animals
(arrowheads in Fig. 5E and K). Elsewhere in the nail, PAI-2
is expressed in the keratogenous zone (Fig. 5C and D),
while K17 is detected in the matrix (Fig. 5I and J) of wild-
type and transgenic animals. At the tip of transgenic nails,
these markers labeled flattened cells that were likely to be
differentiated nail bed cells now located underneath the
distally expanded keratogenous zone (arrowheads in Fig. 5F
and L). PAI-2 (Fig. 5F) and AE13 (Fig. S2, L) are ex-
pressed, confirming that the keratogenous zone extended
distally. These results suggest that no transformation of nail
bed cells into matrix-like cells occurred.
To examine the cell cycle in MHKA-NotchE mice, nails
were collected at different time intervals after a single
administration of BrdU (a pulse-chase paradigm). BrdU has
a relatively short biological half-life (deFazio et al., 1987)
with maximal incorporation in most tissues achieved within
2 h after injection (Ryser et al., 1999). Cross sections were
subjected to double immunohistochemical analysis with
BrdU antibody to identify cells in S-phase and their progeny
and with Ki67 antibody to identify cells in G1-, S-, G2-, and
M-phases of the cell cycle (Barnard et al., 1987). Two hours
after BrdU injection, the proximal matrix in both wild-type
and transgenic nails contained BrdU immunoreactivity in
three to seven rows of basally located cells (Fig. 4E and F),
tapering to one to two layers distally (Fig. 4G and H). All
BrdU-positive cells in both wild-type and transgenic nails
were within the Ki67-positive matrix (Fig. 4E–H) and did
not overlap with the AE13-positive, keratogenous zone
(data not shown). However, in more distal positions (rough-
ly where “m” is in Fig. 4A and B), cycling cells were
restricted to the apex of the nail in the wild type but were
found in more lateral positions in the transgenic animal (Fig.
S2). Therefore, the increase in the proliferating population
in the transgenic nail was not due to abnormal retention of
proliferation potential among differentiating cells.
To quantify the increase in cellularity along the proxi-
modistal axis, BrdU-positive cells in every fourth cross-
section were counted in wild-type and transgenic nails at
22 h after BrdU injection (a total of 26 sections). Transgenic
nails contained 36% more BrdU-positive cells than wild-
type nails 22 h after BrdU labeling (2171 vs. 1598). In a
separate experiment, every sixth section was counted after a
2-h label (total of 13 sections), detecting a 43% increase in
the transgenic animal (962 vs. 673). Plotting the results
obtained 22 h after injection, two distinct incorporation
patterns were detected. At proximal positions, the overall
numbers of BrdU-labeled cells were similar (Fig. 6A, sec-
tions 006–046; between “p” and “m” in Fig. 4A and B). At
distal positions, a 62% increase in the number of BrdU-
labeled cells was observed in transgenic nails (Fig. 6A,
sections 050–130). Collectively, these observations indicate
that the differences in cellularity are due to changes in the
distal two-thirds of the nail unit but do not offer a mecha-
nistic explanation for the observed difference.
Increase in cell cycle rate could explain our observation.
The length of the S-phase is not significantly altered in cells
with different cycling time. Thus, the fraction of S-phase
(BrdU-positive) cells within the cycling population (Ki67-
positive) is an indicator of the cycling rate. Two hours after
BrdU injection, the same fraction of cycling cells were in
S-phase along the proximodistal axis (BrdU/Ki67 31.5 
8.4% in WT, 31  7.2% in A7; 8 sections each), indicating
that the cell cycle rate did not increase in the transgenic
animal. The labeling index (BrdU-positive/total cells) in
seven sections containing the highest numbers of BrdU-
positive cells was unchanged (19.29 4.75 in the wild type,
20.27 5.37 in transgenic nail; Fig. 6A), indicating that the
increased cellularity in transgenic nails was proportional to
increase in numbers of cycling cells and not in shortening of
the cell cycle.
NotchE is ectopically expressed several cell diameters
away from affected cells
To precisely correlate the phenotypes described above
with the expression of activated Notch, cross sections of
nails were analyzed for the presence of the Myc-tag used to
identify the NotchE protein (Fig. 6B, and data not shown).
To ascertain where the transgene is expressed relative to
proliferating cells and differentiating cells, we stained the
same sections with the Myc and BrdU antibodies. The Myc
antigen was detected in nuclei of many BrdU-negative cells
within the keratogenous zone in transgenic nails. Impor-
tantly, NotchE-Myc-expressing cells were found through-
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out the sections where increased numbers of BrdU-positive
cells were found in the transgenic animal (distal to the arrow
in Fig. 6A). Clearly, proliferating cells (BrdU- and Ki67-
positive) have not yet experienced ectopic NotchE expres-
sion; they will only express the transgene as they differen-
tiate and migrate into the upper keratogenous zone 8–10
cell diameters removed from the basal layer (Fig. 6B). In
addition, the intensity and frequency of NotchE expression
correlated with the severity of the phenotypes in our trans-
genic lines (data not shown). The correlation between the
onset of transgene expression in keratinizing cells and the
increase in BrdU-positive, basally located cells suggests
that the transgene is capable of affecting the proliferation of
cells located several cell diameters away.
The Nail phenotype is detected during embryogenesis
To examine whether nail abnormalities were established
in development as soon as MHKA-NotchE expression com-
menced, nail samples were collected from embryos of var-
ious stages at 4 h after BrdU injection. Immunostaining with
AE13 antibody detected expression of hard keratins in both
wild-type and transgenic nails at E14.5, prior to the forma-
tion of the nail primordium in most digits (data not shown).
At E14.4 and E15.5, staining was restricted to one to two
dorsal layers of the presumptive nail unit (E15.5 shown;
Fig. 7, upper row of middle two columns). At E16.5, AE13-
positive cells expanded to two to five layers underneath the
nail plate primordia in both samples (Fig. 7, middle row of
middle two columns). Thickened keratogenous zones were
clearly visible in HE-stained transgenic nail sections from
E18.5 onwards (Fig. 7, left two columns). E18.5 transgenic
nails already contained uncompacted, AE13-positive cells
in the keratogenous zone, as seen in the adult (compare Fig.
4C and D with Fig. 7, lower row, middle two columns). To
quantify proliferation in the embryo, cells containing BrdU
4 h after injection were counted in serial cross-sections
along the proximodistal axis of nails. At E18.5, transgenic
nails contained 33–41% more BrdU-positive cells in the
matrix than their wild-type littermate’s nails (471/355 in
digit 2, 405/287 in digit 3, and 407/297 in digit 4), similar
to the increase found in adult digits (Fig. 6A). As in adults,
onset of NotchE expression, detected by Myc antibody,
correlated with the position along the proximal–distal axis
where thickened matrix was detected in E18.5 nails (Fig. 7,
right two columns). Staining on adjacent sections (not
shown) confirmed that transgene expression was restricted
Fig. 3. Ectopic expression of Notch1 in the nail leads to long nail pheno-
types. (A) A7 animals showed long nail phenotypes on all digits except the
vestigial digits of forepaws. Shown are hindpaws collected on P36. A7
nails were about 60% longer than the nails from wild-type (WT) litter-
mates. Digit 2 of the A7 mouse shown in this figure has an abnormal distal
part, which was observed rarely in A7 nails. (B) Line A5 also showed long
nail phenotypes. Interestingly, this line showed outgrowth of nails from the
vestigial digits of forepaws, compared with the flat nail plates observed in
wild-type littermates (blue brackets, P73). This phenotype was never ob-
served in other lines of animals carrying MHKA-NotchE.
Fig. 4. Elevated Notch1 activity in the nail correlates with distal expansion of matrix and keratogenous zone in the nail. Digits from wild-type (A, C, E, G)
and A7 animals (B, D, F, H) were analyzed. (A–D) Adjacent longitudinal sections (digit3, hind paws, P33) were made and subjected to HE staining (A, B)
and immunohistochemical analyses with AE13 (C, D). Insets are higher magnification of areas indicated by squares. A red, dashed line marks the basement
membrane. Expansion in cellularity and abnormal differentiation was observed in A7 nails, with enlarged keratogenous zones and possibly matrix (A, B).
Many cells in the keratogenous zone were pycnotic and did not compact, compared with wild-type nails (C, D). Note pycnotic cells containing hard keratins.
d, distal; KZ, keratogenous zone; M, matrix; m, medial; p, proximal. (E–H) Cross sections (digit 4, hind paws, P21) were prepared 4 h after BrdU injection.
Adjacent sections were subjected to HE staining (insets) and double immunofluorescent analyses with Ki67 antibody (all cycling cells, red) and BrdU
antibody (S-phase, green). All BrdU-positive cells and the proliferating, Ki67-positive domain are excluded from the keratogenous zone. More BrdU-positive
cells were found in A7 sections along the proximodistal axis of the nail. Shown are proximal (E, F; equivalent to level near “p” in A and B) and distal (G,
H; between “m” and “d” in A and B) sections. Inset shows lower magnification of sections adjacent to the ones shown at high magnifications, areas equivalent
to ones stained with the antibodies are indicated by squares.
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to postmitotic dorsal cells, three to five cell diameters away
from the proliferating cells. Combined with the results ob-
tained from adult nails, these data demonstrate that expres-
sion of transgenic Notch1E in postmitotic keratinizing cells
is somehow capable of altering the behavior of cycling cells
at a distance. Therefore, ectopic Notch1 exerts a long-range
effect on tissue homeostasis in the nail.
Abnormal Wnt signaling is associated with the long-range
effect of Notch1
How does expression of activated, nuclear Notch1 pro-
tein exert a long-range effect? One possibility is that altered
morphology caused a breakdown in the homeostatic moni-
toring apparatus. Another obvious possibility is that NICD
leads to activation of one or more secreted, diffusible li-
gand. While it is not known if Notch can activate secreted
ligands in vertebrates, in Drosophila, a similar activated
Notch construct can induce ectopic expression of wingless,
a Drosophila orthologue of Wnt, in the wing imaginal disk
(Diaz-Benjumea and Cohen, 1995). It has been demon-
strated that -catenin/Lef1 complex, the transcriptional arm
of Wnt signaling, can activate the expression of cyclin D1 in
epidermal cells which in turn could promote entry of cells
into S-phase (Shtutman et al., 1999; Tetsu and McCormick,
1999). Therefore, if elevated Notch1 activity in cells located
in the dorsal keratogenous zone could activate the expres-
sion of Wnt, Wnt would travel several cell diameters away
to signal cells competent to respond via activation of Cyclin
D1, leading to hyperproliferation.
To test whether the hyperproliferation observed in trans-
genic nails is associated with ectopic activation of Wnt
signaling, we crossed MHKA-NotchE mouse to the TOP-
GAL mouse in which the LacZ reporter gene is under the
control of a -catenin/LEF1-inducible promoter (DasGupta
and Fuchs, 1999). If ectopic Notch1 activates expression of
a Wnt molecule that subsequently travels to the matrix, or
eliminates expression of a diffusible inhibitor of Wnt, then
Fig. 5. Hyperproliferation caused by the elevated Notch1 activity in the nail is not associated with transformation of nail bed cells into matrix-like cells.
Longitudinal nail sections were collected from wild-type (WT) and A7 animals (P11; digit 3 of hind limbs). Adjacent sections were subjected to
immunohistochemical analyses with PAI-2 and K17 antibodies. (C and E), (D and F), (I and K), and (J and L) are higher magnification of areas indicated
by rectangles in (A), (B), (G), and (H), respectively. PAI-2 antibody stained cells in the keratogenous zone in both wild-type and A7 nails (C, D). K17
antibody stained cells in the matrix in both wild-type and A7 nails (I, J). In addition, both antibodies stained the uppermost layer of nail bed cells in wild-type
nails (arrowheads in E, K) and the layer underneath the distal end of the expanded keratogenous zone in A7 nails (arrowhead in F, L). KZ, keratogenous
zone; M, matrix; NB, nail bed.
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LacZ gene expression is expected to become elevated in all
cells able to respond to Wnt in the MHKA-NotchE/TOP-
GAL reporter. X-GAL staining of TOPGAL nails showed
sporadic expression of LacZ in the keratogenous zone and
the nail plate but not in the matrix (Fig. 8A, C, and E).
MHKA-NotchE/TOPGAL hair follicles detected no differ-
ences in LacZ expression from that published for TOPGAL
mice. In contrast, MHKA-NotchE/TOPGAL nails displayed
elevated LacZ expression within the keratogenous zone and
the nail plate in comparison to mice carrying the TOPGAL
alone (compare Fig. 8A and E with Fig. 8B and F). How-
ever, ectopic X-Gal staining was not detected in the matrix
where proliferating cells were located (Fig. 8B, D, and F).
Therefore, the increased proliferation is not a direct conse-
quence of elevated Wnt signaling; however, Wnt pathway
activation may activate the expression of other mitosis-
promoting factors. Line A5 mice showed a less dramatic
increase in the number of LacZ-positive cells when crossed
to TOPGAL mouse. These results suggest that a signal that
promotes matrix cell proliferation, either through a relay
mechanism or directly via an unidentified diffusible sig-
nal(s), is emanating from NotchE-expressing cells. Activa-
tion of the Wnt pathway may be part of the relay; never-
theless, this is the first demonstration that, in vertebrate,
Notch activation can lead to activation of the Wnt pathway
as it does in the fly wing.
Discussion
Ectopic expression of Notch1 in nail leads to
hyperproliferation of matrix cells via a long-range signal
Using a transgenic mouse model, we found that ectopic
expression of Notch1 in postmitotic cells within the kerat-
ogenous zone leads to longer nails. Both adult and embry-
onic nails contained a distally expanded proliferating matrix
and subsequent expansion of keratogenous zone (Figs. 4, 7,
Fig. 6. Expression of transgenic Notch1 in keratinizing cells of the nail is capable of signaling cells at a distance. (A) BrdU-positive cells in every fourth
section of a serially sectioned digit were counted and plotted along the proximodistal axis of the nail (digit 5 of hind paw; P33; 22 h after BrdU injection).
A7 nails contained 36% more BrdU-positive cells than wild-type nails (2171 vs. 1598). The increase in the number of BrdU-positive cells was mainly found
distal to the first Myc-tag expressing section (section 046, indicated by an arrow; 1707 vs. 1056), compared with that found in the proximal sections (462
vs. 542). The lower panel plots the labeling index (BrdU-labeled cells/total cells) in sections containing the highest numbers of proliferating cells. No
significant change was detected, indicating that the change in total cell numbers was proportional to change in BrdU incorporation. (B) Distal nail sections
(digit 5 of forepaw) from the same animals in (A) were subjected to immunohistochemical analyses with Myc antibody (red) and BrdU antibody (green);
sections were counterstained with bis-benzimide (blue). Transgene expression was detected in the dorsal keratogenous zone throughout the nail (one sample
shown). Expression of Myc-tagged Notch1 was observed in nuclei of many cells in the dorsal keratogenous zone located 8–10 cell diameters away from the
proliferating matrix cells. A white, dashed line marks the basement membrane.
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and S2). In vertebrates, nail length is maintained at constant
length by balancing growth and wear. Although we cannot
rule out the possibility that decreased wear contributed to
the alteration in nail length, the observation that transgenic
embryos already showed an increase in matrix cells and
delayed compaction (Fig. 7) argues that longer nails are
most likely the result of changes in the growth. Importantly,
using Ki67 to mark all mitotic cells, the transgene expres-
sion was found in a Ki67-negative area of embryonic nails
(data not shown).
Changes in cellularity reflect either a net reduction in cell
death or net increase in cell birth. We did not detect changes
in cell death by staining for activated caspases (not shown),
suggesting that alteration in cell death was not a major
contributor to the phenotype. What mechanism could ac-
count for the increase in proliferating cells? The labeling
index was unaltered, as was the length of the cell cycle, and
nail bed was not converted to matrix. Activation of Notch1
at a distance might somehow impact stem cells located in
the matrix, increasing the pool of transit amplifying (TA)
cells. While a remote possibility, we cannot rule it out
during the current study. We are therefore performing stud-
ies with mice labeled with BrdU followed by a long period
of chase to identify the long label retaining/stem cell niche
of the nail and examine it. Another possibility that we could
not address is whether activated Notch1 was required con-
tinuously or only transiently. If a hypothetical census build-
ing mechanism operates during nail development, its per-
turbation by NotchE expression during gestation may
suffice to increase the number of matrix cells throughout
life. This hypothesis can be tested with a floxed version of
the transgene that will permit its removal after birth.
Collectively, our data do suggest that the long nail phe-
notypes observed in MHKA-NotchE animals result from an
increase in the number of proliferating matrix cells. This
result is very surprising since in the epidermis (Nicolas et
al., 2003; Rangarajan et al., 2001), the cornea (Nicolas et al.,
2003), and the cervix (Talora et al., 2002; Thorland et al.,
Fig. 7. Effects of the elevated Notch1 activity on nail development is
detected during embryogenesis. Longitudinal nail sections were collected
from wild-type (WT) and A7 embryos of various stages at 4 h after BrdU
injection and subjected to HE staining, and immunohistochemical analyses
with AE13 and anti-Myc antibodies (digit 2 of hind limbs). Insets are
higher magnification of the areas indicated by arrowheads. HE-stained
sections (left two columns) showed that from E18.5 onwards, A7 nails
were thicker with an expanded keratogenous zone compared with wild-
type littermates. Hard keratin expression (AE13, middle two columns) in
both wild-type and A7 nails was first detected at E14.5 (not shown). At
E14.5 and E15.5, the signal was restricted to one to two dorsal layers of the
nail primordium. At E16.5, two to five layers of AE13-positive cells were
detected in both animals underneath the nail plate primordium. At E18.5,
A7 nails displayed distinct expansion of AE13-positive domains and ab-
normal differentiating cells first appeared (arrows). Transgene expression
detected by anti-Myc antibody (right two columns) also initiated at E18.5.
As in adults, transgene expression was confined to the dorsal region of the
keratogenous zone, three to five cell diameters away from the basal,
proliferating cells.
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2003; Weijzen et al., 2003), Notch1 acts to promote differ-
entiation and suppress proliferation. In its absence, in-
creased sensitivity to carcinogens was reported (Nicolas et
al., 2003; Thorland et al., 2003). Since the transgene was
expressed exclusively in postmitotic cells, located several
cell diameters away from the proliferating matrix cells, the
effects on proliferation are unanticipated and most likely
mediated by a long-range signal.
Ectopic activation of Notch1 leads to activation of
-catenin: evidence for activation of Wnt by Notch1
How could the expression of activated Notch1 impact
proliferation potential in basally located cells from several
cell diameters away? Little is known about how tissue
homeostasis in stratified squamous epithelia is established
and maintained. It has been shown that Foxn1, a winged-
helix transcription factor, is involved in regulating the bal-
ance between proliferative and postmitotic populations in
the epidermis, possibly through modulating growth factor
production (Prowse et al., 1999). Ectopic expression of
Foxn1 in the suprabasal layer of the epidermis induced
hyperproliferation of underlying basal cells. Our data are
reminiscent of the Foxn1 results in that expression of trans-
genic Notch1 in the keratogenous zone affected the balance
of proliferation and differentiation in basal keratinocytes.
Two possible mechanisms can account for this observation.
First, Notch activation in keratinizing cells causes abnormal
differentiation (reflected by a delay in compaction of AE13-
positive cells), and the homeostatic monitoring apparatus is
Fig. 8. Hyperproliferation caused by the elevated Notch1 activity in the nail is associated with abnormal Wnt signaling. Pups carrying the TOPGAL reporter alone
(A, C, E) or carrying both line A7 of MHKA-NotchE and the TOPGAL reporter (B, D, F) were sacrificed at P12. Frozen sections (digit 3, hindpaws) were subjected
to X-Gal assays (blue stain in cytoplasm) and counterstaining with hematoxylin (purple in nucleus). (C and E), and (D and F) are higher magnification of areas
indicated by rectangles in (A) and (B), respectively. X-Gal staining of TOPGAL nails showed scattered LacZ-expressing cells in the keratogenous zone and the nail
plate (E) but not in the matrix (C). In contrast, LacZ expression in TOPGAL/A7 nails was detected in more cells within the keratogenous zone and the nail plate
(F). Importantly, no LacZ staining was detected in proliferating cells in the matrix (D). KZ, keratogenous zone; M, matrix.
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fooled to respond as if fewer cells are present. This mech-
anism may not require a long-range signal, and monitoring
may be carried out via cell–cell communication (a relay
mechanism). A second possibility is that Notch1 activation
alters homeostasis by production of a long-range signal that
stimulates proliferation either directly, or indirectly by sup-
pressing an inhibitor of proliferation. The NotchE/TOP-
GAL mice demonstrate that activation of Notch1 in the
keratogenous zone induced ectopic activation of a -catenin
target (Wnt signaling) in a zone larger than the transgene
expression zone (Fig. 8). Note that, in epidermal keratino-
cytes, activated Notch is a repressor of the TOP reporter
when expressed in the same cell (Nicolas et al., 2003),
providing further support to the hypothesis that Notch ac-
tivation in one cell increases response to Wnt in another. It
remains to be determined whether endogenous Notch acti-
vation impacts Wnt signaling. While the increase in Wnt
signaling may result from either direct activation of a Wnt
molecules or from loss of a diffusible inhibitor of Wnt
signaling, the observation reported here is the first demon-
stration that in vertebrate, Notch activation can lead to
activation of the Wnt pathway as it does in the fly wing
epithelium. Since ectopic Notch activation is causing neo-
plastic transformation in lymphocytes (Jundt et al., 2002;
van de Wetering et al., 2002) and mammary epithelial cells
(Capobianco et al., 1997; Jhappan et al., 1992; Robbins et
al., 1992), it will be intriguing to determine whether Notch
contributes to activation of Wnt signaling in some of these
tumors.
Ectopic Wnt activity does not itself function as the long-
range signal since TOPGAL is not activated in proliferating
cells. Wnt could act indirectly in a relay mechanism involv-
ing other signaling molecules (Fig. 9, blue). Alternatively,
an unidentified diffusible signal produced in cells express-
ing NotchE could travel to mitotically competent matrix
cells, affecting mitosis directly (Fig. 9, green). To explore
the possible molecules mediating these effects, we have
begun an investigation of the full range of transcriptional
events triggered by Notch activation in the nail and hair
follicles.
Activated Notch 1 in normal nail homeostasis
In the hair follicles, we proposed that Notch proteins are
not involved in reception of a short-range signal emanating
from the dermal papilla (Kopan and Weintraub, 1993).
Using Val 1744 antibody specific to the cleaved N terminus
of Notch 1, we could establish that this prediction was
correct. NICD is predominantly detected in nuclei of matrix
and precortical cells, which do not contact the dermal pa-
pilla (DP; Figs. 1A, 2B, and S1). Expressing activated
Notch1 in keratinocytes promotes differentiation via activa-
tion p21 and most likely other targets (Rangarajan et al.,
2001) since p21-deficient epidermis maintains normal ho-
meostatic balance (Missero et al., 1996; Topley et al., 1999).
The Val 1744 antibody confirms the presence of activated
endogenous Notch in differentiating epidermal keratino-
cytes (Fig. 2). This role of Notch is cell-autonomous, caus-
ing Notch expressing cells to differentiate and become post-
mitotic. It may be preserved in Nails: the distribution of
activated Notch1 in the matrix is consistent with promoting
withdrawal from the cell cycle. Interestingly, accumulation
of the activated form of Notch1 is dynamic. By P11, NICD
became undetectable in suprabasal cells of the epidermis
and epidermal appendages except in hair follicles (data not
shown). It is possible that, when growth rates decline after
birth, Notch activation is reduced below the limits of detec-
tion.
Another cell-autonomous consequence for Notch1 acti-
vation was reported in regulating the epidermal stem cell
niche located within the basal layer of the epidermis. Notch
protein in stem cells may be inhibited by coexpressed li-
gand, Delta. Delta then activates Notch in stem cell descen-
dants, committing them to become TA cells (Lowell et al.,
2000). Indeed, removal of CSL, the DNA binding partner of
Notch, results in bulge stem cells preferentially selecting the
Fig. 9. Hypothesized mechanisms by which the long-range effects of
Notch1 exert in tissue homeostasis of the nail. Ectopic activation of Notch1
(NICD*) in the keratogenous zone induces ectopic activation -catenin/
LEF1 in those cells, presumably by activation of Wnt, leading to the
production of an unidentified diffusible signal(s) that travel to the basally
located cells in the matrix to activate cell cycle entry (blue). Ectopic
activation of Wnt signaling does not function directly to affect proliferation
since the reporter is not activated in the basally located cells (blue, crossed-
out). Alternatively, the effect of ectopic activation of Notch1 at a distance
could be mediated by other signaling pathways (green). In normal nail
development, activation of Notch1 (NICD) may play multiple roles in nail
homeostasis. Basally, Notch activation could promote stem cell descen-
dents to become transit amplifying (TA) cells as it does in the epidermis
(magenta). In the nail matrix, NICD could induce cell arrest and differen-
tiation of TA descendants through the activation of p21 and possibly other
proteins, as it does in suprabasal epidermal cells (purple). Lastly, its
activation in the postmitotic cells in nail and epidermis could function
cell-nonautonomously by producing a secondary signal that travels and
activates proliferation basally (red).
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epidermal program. As discussed above, Notch signaling is
required for epidermal differentiation and epidermal de-
scendents of CSL/ stem cells to form hyperkeratotic
cysts (Yamamoto et al., 2003). This again is an autonomous
role, as the vast majority of cyst cells are deficient for CSL.
In contrast to these observations, we have shown in this
study that elevated Notch1 activity in postmitotic cells
within the keratogenous zone of the nail is capable of
exerting long-range, mitosis-promoting effects on the pro-
liferation of basally located cells. In contrast to the function
of Notch in stem cells and differentiating keratinocytes, the
effect we describe here is observed in cells devoid of the
transgene; it is therefore cell-nonautonomous.
We propose that Notch 1 could perform these three roles
during normal epidermal and nail morphogenesis. Notch1
functions cell-autonomously in the basal layer, imposing
asymmetry on stem cell daughters and promoting genera-
tion of TA cells (Lowell et al., 2000). While we find no
activated Notch1 in the basal layer or in the bulge, this could
be attributed to low numbers of stem cells and the infre-
quent replication rate (when these cells contain activated
Notch). The second role for Notch1 is in TA descendants,
blocking proliferation in suprabasal layers through the ac-
tivation of p21 and possibly other proteins (Rangarajan et
al., 2001). This function is again cell-autonomous. The
third, nonautonomous activity produces a suprabasal signal
that promotes basal cell proliferation (Fig. 9, red). This
activity may require high levels of Notch activation, seen in
skin and its appendages in normal embryos and newborns
and in the transgenic nails. Suprabasally, Notch1 would thus
have two different functions executed in different compart-
ments of the affected tissues; autonomously promoting
withdrawal from cell cycle but nonautonomously promoting
proliferation of more basally located cells. Indeed, both
gain-of-function (our study) and loss-of-function mutations
(Rangarajan et al., 2001) in Notch1 induce hyperprolifera-
tion. The Notch1-deficient skin may lose this mitotic pro-
moting, suprabasal signal but it also loses the differentiation
promoting, p21-dependent cell-autonomous blockage of
proliferation. If this interpretation is correct, Notch1-defi-
cient skin will show reduced (or unchanged) proliferation in
basal cells but hyperproliferation of suprabasal cells (easily
testable by a 2-h BrdU pulse). In contrast, we predict that
ectopic activation of Notch1 in suprabasal epidermal cells
would also cause hyperproliferation (as it did in the nail),
but hyperproliferation will be restricted to the basal cells.
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